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Rho-family GTPases require the Arp2/3 complex to stimulate
actin polymerization in Acanthamoeba extracts
R. Dyche Mullins* and Thomas D. Pollard
Background: Actin filaments polymerize in vivo primarily from their fast-growing
barbed ends. In cells and extracts, GTPγS and Rho-family GTPases, including
Cdc42, stimulate barbed-end actin polymerization; however, the mechanism
responsible for the initiation of polymerization is unknown. There are three
formal possibilities for how free barbed ends may be generated in response to
cellular signals: uncapping of existing filaments; severing of existing filaments;
or de novo nucleation. The Arp2/3 complex localizes to regions of dynamic
actin polymerization, including the leading edges of motile cells and motile actin
patches in yeast, and in vitro it nucleates the formation of actin filaments with
free barbed ends. Here, we investigated actin polymerization in soluble extracts
of Acanthamoeba. 
Results: Addition of actin filaments with free barbed ends to Acanthamoeba
extracts is sufficient to induce polymerization of endogenous actin. Addition of
activated Cdc42 or activation of Rho-family GTPases in these extracts by the
non-hydrolyzable GTP analog GTPγS stimulated barbed-end polymerization,
whereas immunodepletion of Arp2 or sequestration of Arp2 using solution-
binding antibodies blocked Rho-family GTPase-induced actin polymerization.
Conclusions: For this system, we conclude that the accessibility of free barbed
ends regulates actin polymerization, that Rho-family GTPases stimulate
polymerization catalytically by de novo nucleation of free barbed ends and that
the primary nucleation factor in this pathway is the Arp2/3 complex.
Background
Polymerization of actin filaments at their fast-growing
barbed ends drives the extension of the leading edge in
motile cells [1–4]. To establish cell polarity and to gener-
ate directed cell motility in response to external cues like
chemoattractants and repellants [5] or to the extracellular
matrix [6], actin polymerization must somehow be con-
trolled by cellular signaling pathways. To generate sus-
tained motility, actin subunits must continuously cycle [7]
from a diffusible monomeric pool in the cytoplasm [8]
onto the barbed ends of filaments at the leading edge and,
by filament depolymerization, back to the monomeric
pool [9]. Formally, the initiation of actin polymerization
could be regulated in one of two ways, either by regulating
the accessibility of barbed ends or by regulating the com-
petence of actin monomers to polymerize. A commonly
accepted hypothesis is that exposure of free barbed ends
is sufficient to induce actin polymerization [10], but this
has never been demonstrated directly and has been chal-
lenged by recent results [11].
Exposed barbed ends are generated in vivo by three
mechanisms: uncapping existing actin filaments; severing
of existing filaments; and de novo nucleation. Membrane
polyphosphoinositides dissociate the barbed-end capping
factors capping protein [12] and gelsolin [13] from barbed
ends, but this mechanism does not appear to be involved
in chemotaxis of motile cells [14]. Actin depolymerizing
factors of the ADF/cofilin family sever ADP–actin fila-
ments without capping them [15], but this appears to con-
tribute more to filament disassembly than to
polymerization [16]. In platelets, calcium stimulates gel-
solin to sever and cap filaments and this process, coupled
with uncapping, creates new barbed ends [17]. The
capping factors gelsolin and capping protein stimulate the
formation of new pointed ends, but, until recently, no cel-
lular factors were known to make new barbed ends. 
Most environmental cues that stimulate actin polymerization
appear to act through the Rho family of small GTP-binding
proteins [18]. In intact cells, cytoskeletal organization [19]
and chemotaxis [20] are regulated by Rho-family GTPases.
In cell extracts, addition of activated Cdc42 (a Rho-family
GTPase) or activation of endogenous GTPases by the non-
hydrolyzable GTP analog GTPγS induces a burst of actin
polymerization and this effect requires phospholipids that
enhance guanine nucleotide exchange or that aggregate
small GTPases [21–23]. The mechanism by which Rho-
family GTPases, in particular Cdc42, stimulate barbed-end
actin polymerization, however, is unknown.
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The Arp2/3 complex, which contains the actin-related pro-
teins Arp2 and Arp3 and five other subunits, is the only
cellular component known to nucleate filaments with free
barbed ends [24,25]. This complex is essential in yeast
[26,27] and is required for actin assembly on the surface of
intracellular pathogens such as Listeria [28]. Nucleation of
new filaments by Listeria is interesting in its own right, but
is constitutive and independent of small GTPases, so it is
not necessarily informative regarding the response of cells
to external stimuli. 
Here, we have investigated actin polymerization in
soluble extracts of Acanthamoeba castellanii. These extracts
maintain a large, stable pool of unpolymerized actin and
respond to addition of filaments, GTPγS or activated
Cdc42 with a transient burst of actin polymerization. The
time course of the response to added filaments indicates
that polymerization is limited by pseudo-first-order
capping of barbed ends. Addition of the Rho guanine
nucleotide dissociation inhibitor RhoGDI, which inhibits
activation of Rho-family GTPases, or inhibition of the
Arp2/3 complex, the only known barbed-end nucleating
factor in Acanthamoeba, blocks the response of actin to
GTPγS. These data indicate that Rho-family GTPases
stimulate actin polymerization through nucleation by the
Arp2/3 complex.
Results
Composition of Acanthamoeba extracts
Concentrated, soluble extracts of Acanthamoeba contained
70 µM total actin, as detected by immunoblotting, 
approximately 70 µM profilin (D.A. Kaiser and T.D.P.,
unpublished observations) and 0.6 µM Arp2/3 complex.
The actin concentration was about a third of the concen-
tration that has been measured in intact cells [29]. When
the extract was fractionated by gel filtration and assayed
by immunoblotting, all the Arp2 and Arp3 was present
exclusively as part of a large particle, which has a Stokes’
radius of 5.4 nm, identical to that of the purified complex
(J.F. Kelleher and R.D.M., unpublished observations). 
Characterization of the actin pool in extracts
Gel-filtration chromatography revealed that all of the
70 µM actin in the cold, high-speed supernatant was
monomeric and was mostly bound to profilin (D.A. Kaiser
and T.D.P., unpublished observations), but as observed
previously [30,31], about 30% of the actin polymerized
when the extract was warmed to room temperature. Rho-
damine–phalloidin binding and SDS–PAGE analysis of
high-speed supernatants gave the same measurement of
the amount of filamentous actin. After dilution of these
extracts 1:10 into P buffer (see Materials and methods),
the pools of 5 µM actin monomer and 2 µM actin filaments
were stable for at least 3000 seconds (Figures 1a,2a and
data not shown), even though the monomer concentration
was well above the 0.1 µM critical concentration. We
therefore conclude that regulatory proteins suppress spon-
taneous nucleation and/or elongation. By using at least 10-
fold diluted extracts we lowered the concentration of
actophorin, the most abundant protein known to quench
pyrene fluorescence, to approximately 0.7 µM, far lower
than the total concentration of actin, approximately 7 µM. 
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Elongation of exogenous actin filaments in Acanthamoeba extracts.
(a) Time course of the change in the pyrene fluorescence of extracts
with 500 nM pyrene–actin and either 270 µM GTPγS or a range
(0–4 nM) of concentrations of polymerized unlabeled amoeba actin
filaments. The concentration of ends was calculated by performing
parallel elongation experiments with varying concentrations of purified
actin. The experiment was carried out at 24°C and the extract was
diluted 1:15 with varying amounts of pyrene–actin into 100 mM KCl,
340 mM sucrose, 2 mM MgSO4, 1 mM MgCl2, 2 mM EGTA, 1 mM
ATP, 1 mM dithiothreitol (DTT), 20 mM imidazole. (b) Time course of
the change in fluorescence of extracts with 1 nM exogenous filament
ends and varying concentrations of pyrene–actin (0.1 µM open
squares, 0.2 µM open triangles, 0.5 µM filled circles, 1.0 µM filled
triangles). The inset shows the initial rate of change in pyrene
fluorescence as a function of pyrene–actin concentration. (c) Time
course of the decline in free barbed ends in a cell extract calculated
from the 4 nM barbed end data set in (a) according to equation 6 (see
Materials and methods).
Addition of actin filaments to the extract induced poly-
merization of endogenous actin (Figure 1a). We followed
polymerization by the change in fluorescence intensity of
a trace amount of pyrene-labeled Acanthamoeba actin. The
concentration of pyrene-labeled actin (100–500 nM) was
only 1–10% of the endogenous actin concentration. Skele-
tal-muscle actin behaves very differently from cytoplasmic
actin in Acanthamoeba extracts [32], so we used fluores-
cently labeled amoeba cytoplasmic actin in all assays. Pro-
filin (and possibly other actin-binding proteins) has a
10-fold lower affinity for pyrene–actin than for unlabeled
actin [33], so to rule out the possibility that pyrene–actin
polymerized preferentially in these extracts, we measured
polymerization at many different concentrations of added
pyrene–actin. Neither the time course (Figure 1b, inset)
nor the amplitude of the fluorescence change (corrected
for dilution, Figure 1b) varied with pyrene–actin concen-
tration, indicating that the pyrene fluorescence reflected
the kinetics of polymerization of endogenous actin. The
rate and extent of polymerization depended on the con-
centration of added filaments. At high filament concentra-
tions, essentially all of the monomer pool polymerized,
showing that all of this pool was competent for polymer-
ization. At lower filament concentrations, polymerization
slowed before the subunit pool was exhausted (Figure 1a).
The slowing of polymerization in the presence of a pool of
competent actin monomers (Figure 1a) indicated that fila-
ment elongation was terminated prematurely, most likely
by capping. Kinetic analysis of the time course of poly-
merization over a range of added filament concentrations
enabled us to define this termination mechanism quanti-
tatively. We measured the rate of capping by first calculat-
ing the number of free barbed ends at each point during
the experiment:
(1)
where [E], [F] and [A] are instantaneous concentrations of
barbed ends, filamentous actin and polymerizable
monomers, respectively (Figure 1c) and k+ and k– are the
monomer association and dissociation rate constants. We
considered all monomeric actin in the extract to be
capable of polymerization.
The concentration of free barbed ends in the extract
declined exponentially after addition of filaments to a lim-
iting value of about 15% of the starting value (Figure 1c).
We consider this limiting value to approximate the steady-
state concentration of free barbed ends. We used the
observed rate constant of capping (kobs) and the concentra-
tions of free ends at time zero (E0) and at the steady state
(Ess) to calculate the forward and reverse rate constants of
capping factors in the extract by:
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Figure 2
GTPγS-stimulated polymerization monitored by
change in fluorescence of added pyrene–actin.
The experiment was carried out at 24°C;
amoeba extracts were diluted 1:10 in 100 mM
KCl, 340 mM sucrose, 2 mM MgSO4, 1 mM
MgCl2, 2 mM EGTA, 1 mM DTT, 20 mM
imidazole, pH 7.0. The concentrations of ATP
and GTPγS were varied as indicated. Pyrene-
labeled amoeba actin was added to 100 nM.
(a) Polymerization of pyrene–actin in amoeba
extracts (1 mM ATP) stimulated by GTPγS at
concentrations ranging from 2 µM to 400 µM
as indicated. (b) Cumulative concentration of
filament nuclei produced by GTPγS stimulation
calculated from the data in (a) according to
equation 9. (c) Dependence of maximum
change in pyrene fluorescence induced by
200 µM GTPγS on the concentration of ATP or
the non-hydrolyzable ATP analog AMPPNP as
indicated. (d) Actin polymerization in the
presence and absence of kinase inhibitors. The
experiment was performed in the same way as
(a) except that extracts were diluted 1:20.
Extracts were stimulated with 200 µM GTPγS.
The inset shows the effects of 3 µM
staurosporine or 3 µM staurosporine and 5 µM
genistein on 32P-labeling of proteins in GTPγS-
stimulated amoeba extracts.
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where kc– and kc+ are the average forward and reverse rate
constants and [C] is the apparent concentration of capping
factors. From this, we calculate that kc– = 1.2 × 10–3
± 0.2 × 10–3 sec–1 and kc+[C] = 7.3 × 10–3 ± 0.9 × 10–3 sec–1. 
Capping protein is the major barbed-end capping factor
detectable in neutrophil extracts [34] and the only one
known in Acanthamoeba [35]. Our value for kc– agrees well
with the dissociation rate constant of 1.9 × 10–3 sec–1 that
was obtained from similar measurements of capping-protein
kinetics in neutrophil extracts [34] and 0.4 × 10–3 sec–1 that
was measured for purified capping protein [12]. From esti-
mates of capping-protein concentration in our extracts [36],
we calculated a forward rate constant of 0.4 µM–1 sec–1.
This value is 10-fold lower than the forward rate constant of
3.5 µM–1 sec–1 measured by Schafer et al. [12] for the
binding of vertebrate capping protein to vertebrate skeletal
muscle. The rate constant for the binding of amoeba
capping protein to amoeba actin may be lower or factors in
the extract, possibly phospholipids, may have reduced the
concentration of active capping protein.
Effect of GTPγS on actin in the extract
Addition of GTPγS to dilute extracts induced actin poly-
merization, which we followed quantitatively by monitor-
ing the change in fluorescence intensity of a trace of
pyrene-labeled Acanthamoeba actin (Figure 2a). Pelleting
the filaments and assaying the pellets by SDS–PAGE and
Coomassie-blue staining or by rhodamine–phalloidin fluo-
rescence confirmed the results of the pyrene fluorescence
assay (data not shown).
After an initial lag, which was not seen with added actin fil-
aments, GTPγS induced an increase in pyrene fluores-
cence, which reached a plateau value within 500 seconds
(Figure 2a). Cytochalasin D — which, at low concentra-
tions, caps the barbed ends of actin filaments — inhibited
GTPγS-stimulated actin polymerization in a concentration-
dependent manner. Maximal inhibition was 92% at 40 nM
cytochalasin D, so we conclude that GTPγS-stimulated
polymerization occurs predominantly at exposed barbed
ends. The rate and extent of the change in fluorescence
depended on the concentration of GTPγS. At 200 µM
GTPγS, 86% of the total actin polymerized. The final
extent of polymerization at high concentrations of filaments
or GTPγS was similar, showing that GTPγS was not simply
releasing sequestered actin monomers. If we first pelleted
the filamentous actin in the extract, GTPγS still induced
polymerization, indicating that severing or uncapping was
not required for GTPγS-induced polymerization. GTPγS
did not alter the phospholipid composition as detected by
thin-layer chromatography (our unpublished observations).
The time course of polymerization (Figure 2a) and the
time course of capping (Figure 1c) were sufficient to cal-
culate the concentration of filament nuclei produced by
stimulation with GTPγS. We estimated that, in extracts
diluted 1:10 (corresponding to an approximate 1:15 dilu-
tion from cytoplasmic concentrations), addition of
200–400 µM GTPγS induced formation of approximately
5–7 nM barbed ends (Figure 2b). This is consistent with
the data in Figure 1a, in which 270 µM GTPγS produced a
total amount of actin polymerization similar to that
obtained following addition of 4 nM free barbed ends.
The rate of formation of filament nuclei increased with
increasing concentrations of GTPγS. The time at which
nucleation terminated, however, was relatively constant
and did not vary with the concentration of GTPγS. 
ATP requirement
GTPγS-stimulated actin polymerization in dilute extracts
required hydrolyzable ATP. The plateau fluorescence of
pyrene–actin increased with ATP concentration to a
maximum at 1 mM ATP (Figure 2c). ATP concentrations
of more than 1 mM inhibited for actin polymerization.
The non-hydrolyzable ATP analog AMPPNP did not sub-
stitute for ATP, suggesting that ATP hydrolysis was
required for the response to GTPγS. 
To determine whether protein phosphorylation was
involved, we tested the effects of the broad-spectrum
kinase inhibitors staurosporine and genistein on polymer-
ization. We monitored the effectiveness of these inhibitors
by adding [γ-32P]ATP to cell extracts that had been diluted
1:15 and detecting phosphorylated proteins in the pres-
ence and absence of inhibitors by SDS–PAGE and autora-
diography. At the highest kinase inhibitor concentrations
tested — 3 µM staurosporine plus 5 µM genistein — the
inhibitors decreased total protein phosphorylation in both
the presence and the absence of GTPγS by more than 50%
but had no effect on the kinetics or extent of GTPγS-stim-
ulated actin polymerization (Figure 2d).
Participation of small GTP-binding proteins in actin
assembly
Two lines of evidence show that small GTPases of the Rho
family mediate the effect of GTPγS on actin polymeriza-
tion in amoeba extracts. First, recombinant RhoGDI, an
inhibitor of the exchange of GDP for GTP on Rho-family
GTPases [37], inhibited GTPγS-stimulated polymerization
(Figure 3a). Half-maximal inhibition occurred with 60 nM
RhoGDI and inhibition was complete above 300 nM.
Second, addition of GTPγS-loaded Cdc42, a member of
the Rho family that is known to induce actin polymeriza-
tion in intact cells [38] and cell extracts [21], induced actin
polymerization in amoeba extracts (Figure 3b). The rate of
Cdc42-induced polymerization was maximal at 100 nM
Cdc42 but decreased at concentrations above 200 nM (data
not shown). This induction of polymerization could not be
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due to the GTPγS that had been added with the Cdc42,
because, although Cdc42 was activated in buffer contain-
ing a three-fold excess of GTPγS, the concentration of
GTPγS added with the Cdc42 at maximally effective con-
centrations of Cdc42 was less than 300 nM, which, by
itself, had no detectable effect on actin polymerization.
Requirement for the Arp2/3 complex in G-protein-mediated
actin polymerization 
We used solution-binding antibodies and immunodeple-
tion to determine the role of the Arp2/3 complex in 
G-protein-mediated actin polymerization in amoeba
extracts. Anti-Arp2 antibodies had a profound, concentra-
tion-dependent effect on actin polymerization stimulated
by GTPγS (Figure 4b,c) or Cdc42 (Figure 4d). The effect
of the antibodies saturated at 200 µg/ml and inhibited
GTPγS-stimulated polymerization by 80% (Figure 5c).
Anti-Arp3 antibodies served as a control because they did
not bind native Arp2/3 complex in solution (Figure 6).
These antibodies had no effect on actin polymerization
stimulated by GTPγS or Cdc42 at any concentration
tested (Figure 4a,c).
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Figure 3
Rho-family GTPases mediate actin
polymerization in Acanthamoeba extracts.
(a) The effect of RhoGDI on GTPγS-induced
actin polymerization in extracts. The
experiment was carried out at 24°C; amoeba
extracts were diluted 1:20 into 200 µM
GTPγS, 100 mM KCl, 340 mM sucrose, 2 mM
MgSO4, 1 mM MgCl2, 2 mM EGTA, 1 mM
DTT, 20 mM imidazole, pH 7.0 containing
varying concentrations of RhoGDI as
indicated and 680 nM pyrene-labeled amoeba
actin. The maximum rate of change of pyrene
fluorescence induced by GTPγS is plotted as
a function of RhoGDI concentration. The inset
shows the time course of the change in
pyrene fluorescence at the various
concentrations of RhoGDI. (b) Stimulation of
actin polymerization in extracts by Cdc42. The
experimental conditions were the same as
those in (a) but with no RhoGDI and varying
concentrations of Cdc42 as indicated. The
maximum rate of change of pyrene
fluorescence in the first 2,000 sec of the
assay is plotted as a function of Cdc42
concentration. The inset shows the time
course of the change in pyrene fluorescence
at the various concentrations of Cdc42. 
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Figure 4
Effect of anti-Arp2 and anti-Arp3 antibodies
on the GTPγS-induced actin polymerization in
diluted extracts. The experimental conditions
were the same as those in Figure 3. (a) Time
course of the change in fluorescence of
diluted extracts (1:15) with 500 nM
pyrene–actin stimulated with 270 µM GTPγS
in the absence or presence of 0.38 mg/ml
anti-Arp3 antibody. (b) A similar time course
of change in fluorescence as in (a) but with
varying concentrations of anti-Arp2 antibody
as indicated. (c) Dependence of the extent of
GTPγS-stimulated polymerization at 2,000 sec
after stimulation on the concentrations of anti-
Arp2 and anti-Arp3 antibodies. (d) Inhibition
of Cdc42-stimulated actin polymerization by
anti-Arp2 antibodies. The inset shows the
maximum rate of change of pyrene
fluorescence in extract alone (control), with
100 nM Cdc42, or with 100 nM Cdc42 and
980 µg/ml anti-Arp2 antibodies. Results are
averages of three measurements and error
bars represent standard deviation.
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Immunodepletion of the Arp2/3 complex confirmed its
importance for the response to GTPγS and Cdc42
(Figure 5). Anti-Arp2 antibodies removed more than 90%
of the Arp2/3 complex (Figure 5a) and decreased GTPγS-
stimulated polymerization to levels as low as those in the
absence of GTPγS stimulation (Figure 5b). Total protein
concentration in the extract, estimated by Ponceau-red
staining of immunoblots, was unchanged. Mock immuno-
depletion increased the rate of polymerization in unstimu-
lated extracts, presumably because some capping activity
was lost. Addition of purified Arp2/3 complex to immuno-
depleted extracts, however, did not restore responsiveness
to GTPγS (data not shown). Activated Cdc42 had no effect
on the ability of purified Arp2/3 complex to nucleate actin-
filament formation (data not shown), suggesting that the
connection between Cdc42 and the Arp2/3 complex in
extracts is not direct but is mediated by another factor(s).
Discussion
We have shown that Acanthamoeba extracts retain a stable
pool of monomeric actin that can be induced to polymerize
by activation of Rho-family GTPases. This behavior is
similar to that observed in extracts from Dictyostelium
[11,21], neutrophils [21,22] and Xenopus oocytes [23], and
makes Acanthamoeba a good system for studying the
endogenous signaling pathways that regulate actin poly-
merization. From kinetic analysis of GTPγS-stimulated
polymerization, we conclude that activated Rho-family
GTPases act via the Arp2/3 complex to produce a constant
rate of formation of new barbed ends. Polymerization is
limited by two factors: barbed-end capping and termina-
tion of nucleation. Capping of free barbed ends can be
described by a single exponential equation as predicted for
a simple bimolecular reaction. In response to stimulation,
barbed ends are produced at a constant rate for
300–400 seconds (in 10-fold diluted extracts) and then
nucleation abruptly terminates (Figure 2b), probably
because of a negative feedback or intrinsic timing mecha-
nism. Purified Cdc42 requires the Arp2/3 complex to stim-
ulate polymerization in extracts but does not directly
activate purified Arp2/3 complex, suggesting that other
factors downstream of Cdc42 interact with this complex.
Actin dynamics in cell extracts 
Despite early skepticism [39], we now know that signifi-
cant portions of the regulatory pathways that control actin
polymerization in intact cells can be preserved and
studied in cell extracts. An underappreciated aspect of
experiments performed using extracts is that foreign actin
may not behave in the same way as the endogenous cyto-
plasmic actin. For example, skeletal-muscle actin fila-
ments depolymerize rapidly in Acanthamoeba extracts,
whereas added amoeba filaments are stable [32]. To our
knowledge, this is the first study of G-protein-mediated
actin polymerization in live cells or cell extracts to rely
exclusively on non-muscle, cytoplasmic actin for all assays.
A widely held view is that, in vivo, actin polymerization is
regulated by the accessibility of barbed ends rather than
the availability of polymerization-competent monomers.
We tested this mechanism directly in cell-free extracts by
adding various concentrations of barbed ends and measur-
ing the incorporation of endogenous actin. Endogenous
actin could elongate exposed barbed ends until they were
capped. As expected from a simple bimolecular reaction of
an excess of capping protein with barbed ends, the decline
in the number of barbed ends with time follows a single
exponential curve (Figure 1c). The final extent of poly-
merization therefore depended on the concentration of
barbed ends added to the extract (Figure 1a).
The large pool of actin subunits required to drive motility
appears to be kinetically trapped in an unpolymerized state
by a combination of filament capping and suppression of
spontaneous nucleation. Acanthamoeba (along with other
protozoa and yeast) probably represent the simplest case, in
which most or all of the unpolymerized actin is bound to
410 Current Biology, Vol 9 No 8
Figure 5
Effect of immunodepletion of Arp2/3 complex on GTPγS-stimulated
actin polymerization in Acanthamoeba extracts. (a) Duplicate
immunoblots of control and immunodepleted cell extracts probed with
anti-Arp2 antibodies. The diluted extract was incubated with 4 mg/ml
anti-Arp2 antibodies for 1 h at 4°C and antibody–antigen complexes
were removed by binding to protein-A–Sepharose beads and filtration
through glass wool. (b) GTPγS-stimulated actin polymerization in mock-
immunodepleted and immunodepleted extracts measured by change in
pyrene fluorescence 600 sec after addition of 270 µM GTPγS. The
experimental conditions were the same as those in Figure 2a. Mock-
immunodepleted extracts (control) responded to addition of GTPγS
with an increase in the rate of actin polymerization whereas
immunodepleted extracts no longer responded to stimulation.
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profilin, a small protein that binds tightly to Mg–ATP–actin
monomers [41]. Profilin suppresses spontaneous filament
formation and prevents growth at the slow-growing pointed
ends of actin filaments [42], but profilin–actin complexes
elongate barbed ends nearly as quickly as free actin [42,43].
The concentration of profilin in Acanthamoeba (100 mM)
[44] is high enough to bind to most unpolymerized actin in
the cell. In addition to profilin, vertebrate cells contain thy-
mosin-β4, which sequesters monomers. Actin bound to thy-
mosin-β4 is not competent for polymerization [45,46] but
profilin can shuttle actin monomers from thymosin-β4 onto
exposed barbed ends [47]. 
GTPγS-stimulated actin polymerization 
We have shown that small GTPases regulate actin poly-
merization in extracts of Acanthamoeba. The complete
inhibition by RhoGDI that we observed indicates that all
of the GTPγS-initiated signaling flows through the Rho-
family GTPases. At early time points, GTPγS produced
filament nuclei at a remarkably constant rate. Nucleation
stopped abruptly at about 325 seconds after stimulation
(Figure 2b). The rate of nucleation increased as the con-
centration of GTPγS increased, but the time at which
nucleation stopped was constant, being independent of
added GTPγS or the concentration of actin polymerized.
The system appears to be adapted to produce a graded
response to signals by varying the nucleation rate rather
than by instantaneously producing a number of filament
ends proportional to the stimulus. This difference was par-
ticularly apparent when we directly compared GTPγS-
stimulated polymerization with that stimulated by the
addition of a fixed number of filament nuclei (Figure 1a).
Both 3.1 nM added filament ends and 270 µM GTPγS
induce approximately the same amount of actin polymer-
ization. When pre-formed filaments were added, the
initial rate of polymerization was maximal and decreased
immediately and monotonically because of capping. When
GTPγS was added, however, the initial polymerization
rate was low but increased or remained constant for the
first 300–400 seconds as free barbed ends were formed.
We do not know the molecular mechanism behind this
linear nucleation rate, but it probably reflects catalytic for-
mation of nuclei downstream of the activated GTPase.
This activity appears to be blocked by an intrinsic timing
or negative feedback mechanism.
The polymerization of actin in extracts is controlled by a
balance between nucleation and capping. For a constant
rate of nucleation in the presence of capping proteins, the
rate of change of free barbed ends ([E]free) is described by
the differential equation:
(4)
where RN is the nucleation rate, kc+ the rate constant for
capping and [C] the concentration of capper. At a constant
nucleation rate, the number of free barbed ends increases
until the rate at which they are capped (kc+[C][E]free)
equals the rate at which they are formed (RN). Under
pseudo-first-order conditions, in which [C] is in excess of
filament end concentration [E], we can solve this equation
to give the concentration of free barbed ends as a function
of time:
(5)
This equation is a single exponential, in which the
amplitude is directly proportional to the nucleation rate
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Figure 6
Characterization of anti-Arp2 and anti-Arp3
antibodies. (a) Immunoblots of soluble
Acanthamoeba extracts probed with anti-
Arp2 and anti-Arp3 antibodies.
Concentrated extract (2 µl) was subjected to
13.75% SDS–PAGE and the gel was either
stained with Coomassie blue (CB) or
electroblotted to nitrocellulose and probed
with anti-Arp2 or anti-Arp3 antibodies.
(b) Competitive binding of the soluble
Arp2/3 complex to anti-Arp2 and anti-Arp3
antibodies. One third of the anti-Arp2
antibodies recognize native epitopes
exposed on the surface of the Arp2/3
complex but none of the anti-Arp3 antibodies
recognizes surface-exposed epitopes. The
Arp2/3 complex was adsorbed to microtiter-
plate wells and detected by enzyme-linked
immunosorbent assay (ELISA) using anti-
Arp2 or anti-Arp3 antibodies at the same
titer. Varying concentrations of native Arp2/3
complex were pre-incubated for 1 h at 24°C
with the antibody to compete for binding
with the denatured Arp2/3 complex
adsorbed to the plastic wells.
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and the time-course depends solely on the pseudo-first-
order rate constant, kc+[C]. It applies only to conditions
where capping protein concentration is in excess of
barbed end concentration.
Although we have found that added actin filaments
readily elongate in Acanthamoeba extracts, a recent report
[11] suggests that in neutrophil extracts exogenous actin
(muscle actin filaments and spectrin–actin seeds) elongate
much more slowly than endogenous filaments generated
by Cdc42. Other explanations of the data  in that study
[11] are that exogenous seeds depolymerize or are capped
more quickly than endogenous filaments. The time course
of the appearance of free barbed ends in the other study
[11] is well fitted by our equation 5 when the capping rate
determined for Acanthamoeba extracts is used (data not
shown). This implies that the time for half of the Cdc42-
nucleated filaments to be capped (the half-time) in neu-
trophil extracts is of the order of 120 seconds. The
half-time that was measured for capping of spectrin–actin
seeds in neutrophil extracts [11] was much shorter, less
than 6 seconds, suggesting that spectrin–actin seeds are
capped more quickly than endogenous actin filaments.
This difference may be mediated by Cdc42, but the possi-
bility that spectrin–actin seeds are somehow different
from endogenous actin filaments has not been ruled out.
The role of the Arp2/3 complex in GTPγS-stimulated actin
polymerization 
Ma et al. [48] recently reported that, in Xenopus extracts,
the Arp2/3 complex and an unidentified factor(s) are suffi-
cient to support Cdc42-mediated actin polymerization.
Here, we have shown that the Arp2/3 complex is also nec-
essary for all Rho-family G-protein-mediated actin poly-
merization in amoeba extracts. Two experiments showed
that the Arp2/3 complex was responsible for GTPγS-stim-
ulated actin polymerization in our extracts: firstly, mono-
specific antibodies against Arp2 that bind the Arp2/3
complex in solution inhibited both Cdc42- and GTPγS-
stimulated polymerization; and secondly, immunodeple-
tion of the complex from extracts completely abolished
their responsiveness to GTPγS. Arp2 in extracts is present
exclusively as part of the Arp2/3 complex, so we know that
anti-Arp2 antibodies affect the function of the entire
complex, not just of a pool of free Arp2. Antibodies that do
not bind the complex in solution have no effect on poly-
merization. From experiments with RhoGDI we know
that GTPγS stimulates polymerization by activating small
GTPases of the Rho family. Anti-Arp2 antibodies also
inhibit polymerization activated by Cdc42. We conclude
that the Arp2/3 complex is a downstream effector of
Cdc42 and of any other Rho-family members that stimu-
late polymerization in our extracts. 
GTPγS-loaded Cdc42, however, does not alter the nucle-
ation activity of purified Arp2/3 complex, indicating that
another factor(s) lies between Cdc42 and Arp2/3. Follow-
ing immunodepletion, addition of purified Arp2/3 complex
does not reconstitute GTPγS-stimulated polymerization,
suggesting that immunodepletion also removes a cofactor,
or possibly that the Arp2/3 complex purified by our
methods lacks a required post-translational modification.
Mock immunodepletion of the extracts greatly reduced
their responsiveness to GTPγS (from more than 40-fold
stimulation of actin polymerization to less than 3-fold),
probably by removing required phospholipids and mem-
brane-associated proteins. The fact that adding back
Arp2/3 complex to immunodepleted extracts does not
restore GTPγS responsiveness, therefore, could be a con-
sequence of this general reduction in responsiveness.
Purified Cdc42 was not sufficient to stimulate the nucle-
ation activity of the Arp2/3 complex. Machesky and Insall
[49] recently reported that proteins of the Wiskott–Aldrich
syndrome protein (WASP) family interact with an Arp2/3
subunit (vertebrate p21-Arc, p18 in Acanthamoeba nomen-
clature) in two-hybrid and affinity chromatography assays.
Overexpression of the Arp2/3-binding domain of one
WASP family member, Scar1, causes delocalization of the
Arp2/3 complex and inhibits lamellipod assembly in cul-
tured mouse fibroblasts. In addition, full-length Scar1 and
truncated constructs containing the Arp2/3-binding and
actin-binding sites stimulate the nucleation activity of the
Arp2/3 complex in vitro [50]. Therefore, WASP-family pro-
teins are excellent candidates to form a link between small
GTPases and Arp2/3-nucleated actin polymerization.
Our results argue that, in cell extracts, the major mecha-
nism of initiating actin polymerization is de novo nucle-
ation mediated by the Arp2/3 complex. The concentration
of the Arp2/3 complex in 10-fold dilute extracts is 60 nM.
We estimated that the highest concentrations of GTPγS
used in our experiments produced approximately 7 nM
new barbed ends in these extracts, corresponding to only
10–15% of the total Arp2/3.
Conclusions
From our data we can construct a model of how actin poly-
merization is regulated in Acanthamoeba extracts
(Figure 7). In addition to monomeric actin, our model
requires factors such as profilin that suppress spontaneous
nucleation without inhibiting barbed-end elongation. The
model also requires high-affinity capping proteins to
inhibit elongation of existing filaments and to terminate
G-protein-stimulated polymerization. To initiate polymer-
ization (Figure 7a–c), a nucleation factor must respond to
cellular signaling pathways. Exogenous factors, such as the
ActA protein from Listeria monocytogenes, stimulate the
nucleation activity of the Arp2/3 complex [25], but our
study provides the first evidence that the Arp2/3 complex
is regulated by endogenous cellular signaling pathways.
For sustained polymerization, the rate of Arp2/3 activation
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and nucleation (Figure 7c,d) must equal or exceed the rate
of capping (Figure 7f; equation 5). In Acanthamoeba
extracts, the Arp2/3 complex appears to be the final down-
stream effector in G-protein-mediated actin polymeriza-
tion. A significant challenge remaining in the field of
cytoskeletal dynamics is to determine the cellular factors
(shown in Figure 7b) that link Rho-family G-protein acti-
vation to activation of the Arp2/3 complex.
Materials and methods 
Preparation of cell extracts
We grew 1 l cultures of Acanthamoeba castellanii Neff to a density of
~2.5 × 106 cells/ml and harvested these log phase cells by centrifuga-
tion for 7 min at 3000 × g. We washed the cells twice in ice-cold P
buffer (50 mM KCl, 340 mM sucrose, 2 mM MgSO4, 1 mM EGTA, 1 mM
ATP, 1 mM dithiothreitol (DTT), 10 mM imidazole, pH 7.0) and trans-
ferred the packed cells with a clean spatula to an ice-cold Potter–Elve-
hjem homogenizer (Thomas Scientific). A 1 l culture typically yields
13–15 g of packed cells. Addition of ATP to 1 mM and 0.1 volume of
1 M sucrose made the pellet slightly more fluid, prior to homogenization
with 14 strokes of a Teflon plunger at 0 RPM. We centrifuged the extract
twice at 150,000 × g at 4°C for 1h to remove cell debris and organelles.
Filtration of 4–5 ml of extract through a 0.5 ml column of Sepharose 4CL
removed large particulate matter. Aliquots of 40–90 µl were quick-frozen
in liquid nitrogen and stored at –80°C. Extracts prepared and stored in
this manner retained activity for at least a year.
Protein purification and labeling with fluorescent dyes
Acanthamoeba actin was purified from DEAE column fractions by poly-
merization–depolymerization steps and gel filtration [51]. We purified the
Arp2/3 complex from Acanthamoeba by ion exchange on DEAE, fol-
lowed by poly-L-proline affinity chromatography [52]. We purified
immunoglobulin G from crude rabbit serum by ammonium-sulfate precip-
itation followed by DEAE chromatography and then gel filtration on
Superdex S200. We labeled actin with pyrene iodoacetamide or rho-
damine maleimide (Molecular Probes) [51]. Cdc42 and RhoGDI were
gifts from Gary Bokoch and were prepared as previously described [53]. 
Antibodies and immunoblotting
We previously described the rabbit antibodies with the following speci-
ficities: all seven subunits of the Acanthamoeba Arp2/3 complex [52];
Acanthamoeba Arp2 and Arp3 [54]; and Acanthamoeba p35 and p40
[55]. For immunoblot analysis, proteins were subjected to SDS–PAGE
[56], electro-transferred [57] to nitrocellulose (BA83; Schleicher &
Schuell) and blocked for 1 h in TBS–Tween (0.15 M NaCl, 20 mM
Tris–HCl, 0.2% Tween-20) with 3% BSA. We probed the blots with
1:10,000 dilutions of antibodies and secondary horseradish-peroxidase
(HRP)-conjugated goat anti-rabbit antibodies (Amersham) in
TBS–Tween and detected HRP activity by chemiluminescence. Poly-
clonal rabbit antibodies against Arp3 (antibody JH47) and Arp2 (anti-
body JH46) reacted only with their respective antigens on immunoblots
of amoeba extracts (Figure 6a), but only the anti-Arp2 antibodies
immunoprecipitated the entire Arp2/3 complex. Competition binding
experiments using native Arp2/3 complex in solution and denatured
Arp2/3 immobilized on multiwell plates revealed the reason for this dif-
ferential immunoprecipitation. None of the anti-Arp3 antibodies bound
the native Arp2/3 complex, but approximately 30% of the anti-Arp2 anti-
bodies recognized native Arp2 within the Arp2/3 complex (Figure 6b).
We conclude that some epitopes recognized by anti-Arp2 antibodies
are exposed on the surface of the native complex, while all those recog-
nized by anti-Arp3 antibodies are inaccessible. Although they bound the
Arp2/3 complex in solution, anti-Arp2 antibodies had no effect on
pointed-end capping by Arp2/3 as measured by inhibition of actin elon-
gation from gelsolin-capped seeds by the method of Mullins et al. [24].
Measurements of actin polymerization
We measured pyrene–actin fluorescence at an excitation wavelength
of 365 nm and emission wavelength of 407 nm using a PTI Alpha-scan
spectrafluorometer (Photon Technologies International).
For rhodamine–phalloidin binding, we diluted 10 µl extract into 120 µl
P buffer or P buffer containing GTPγS at a final concentration of
200 µM and incubated the mixture for 20 min at 24°C. We added 1 µl
buffer containing 0.75 mM rhodamine–phalloidin to each mixture, incu-
bated for 30 min and centrifuged at 350,000 × g for 30 min, then
washed and resuspended the pellets in 150 mM NaCl, 0.2 mM MgCl2,
10 mM imidazole, pH 7.0. We removed protein by addition of SDS to
1.25%, boiling and centrifugation and quantitated the remaining rho-
damine–phalloidin by spectrafluorometry using purified Acanthamoeba
actin as a standard. 
ELISA
We diluted samples into 300 mM NaCl, 10 mM imidazole, pH 7.0 and
incubated them in vinyl 96-well microtiter plates (Costar) at 37°C for
1 h. We washed the wells twice with DK buffer (150 mM NaCl, 0.1%
Tween 20, and 10 mM Tris–HCl, pH 7.5), blocked with 1% BSA in DK
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Rho-family GTPase-induced actin polymerization. (a) Cdc42 is
activated by exchanging bound GDP for GTP and (b) acts via an
unknown intermediate to (c) activate the Arp2/3 complex. Activated
Arp2/3 complex then (d) nucleates the formation of new actin
filaments. In this model, we show the Arp2/3 complex dissociating
from upstream activators because the mechanism of activation
appears to be catalytic. Newly formed filaments (e) elongate from their
free barbed ends which become (f) capped over time, thereby
damping the polymerization response. 
(DKB buffer) at 37°C for 30 min and washed again four times with DK.
We incubated for 1 h at 37°C with anti-Arp2, anti-Arp3, or anti-p40 anti-
bodies at a 1:500 dilution in DKB, washed four more times with DK and
incubated for 1 h at 37°C with HRP-conjugated goat anti-rabbit anti-
serum (Hyclone) diluted 1:2,000 in DKB. Finally, we washed the wells
four times with DK and developed with 1 mg/ml o-phenylenediamine in
phosphate buffer, stopping reactions with 0.5 N H2SO4 and reading at
450 nm in a SpectraMax 250 plate reader (Molecular Devices).
Calculation of free barbed ends in extract from pyrene
fluorescence data
The rate of polymerization at a given time is described by:
(6)
where [F] is the concentration of polymerized actin, [A] is that of
monomeric actin, [E] is that of free barbed ends and k+ and k– are the
monomer association and dissociation rate constants. 
The rate of change in the concentration of free barbed ends with time
depends on the rates of nucleation, capping and uncapping:
(7)
where [CE] is the concentration of capped ends, N is the concentra-
tion of nuclei activated by GTPγS, kc+ and kc– are the forward and
reverse rate constants for capping and [C] is the concentration of
capping factors in the extract. The third term, the nucleation rate, is a
function of both time and the concentration of GTPγS.
To maintain or induce polymerization, the rates of nucleation and
uncapping must simply equal or exceed the rate of capping. Assuming
uncapping is slow [12], the rate of formation of nuclei is:
(8)
The total number of nuclei at a given time is:
(9)
The first term in equation 9 represents uncapped filaments elongating
at a given time. The term under the integral represents nuclei that have
formed and been capped up to that time (τ is a dummy variable of inte-
gration). We calculated the capping rate in our extracts, kc+[C], from
the data in Figure 1 and all other terms in equation 9 are known con-
stants or were calculated from polymerization curves. 
Computation
Numerical computations were performed on a Power Macintosh 8500
(Apple) using Microsoft Excel v5.0. Integrals were estimated by the
trapezoid rule. Time derivatives of noisy data were estimated by calculat-
ing finite differences of data points 10 sec apart, performing a 10-point
sliding average of these differences and retaining every 10th value.
Reagents
We bought GTPγS, staurosporine and genistein from Calbiochem, DTT
from Boeringer Mannheim, and all salts and buffers, ATP, AMPPNP,
leupeptin, pepstatin A, aprotinin and soybean trypsin inhibitor from
Sigma. Gary Bokoch of the Scripps Research Institute kindly provided
RhoGDI expressed as a GST-fusion protein in E. coli and purified using
glutathione beads, and Cdc42 expressed in baculovirus-infected SF-9
cells and purified as described [53]. 
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